Experimental data from jet-engine tests have indicated that unsteady blade row interactions and separation can have a significant impact on the efficiency of low-pressure turbine stages. Measured turbine efficiencies at takeoff can be as much as two points higher than those at cruise conditions. Several recent studies have revealed that Reynolds number effects may contribute to the lower efficiencies at cruise conditions. In the current study numerical experiments have been performed to study the models available for low Reynolds number flows, and to quantify the Reynolds number dependence of low-pressure turbine cascades and stages. The predicted aerodynamic results exhibit good agreement with design data
Introduction
Experimental data from jet-engine tests have indicated that unsteady blade row (wake) interactions and separation can have a significant impact on the efficiency of turbine stages. The effects of these interactions can be intensified in low-pressure turbine stages because of the low Reynolds number operating environment Measured turbine efficiencies at takeoff can be as much as two points higher than those at cruise conditions III. Thus, during the last decade a significant amount of effort has been put into determining the effects of transition and turbulence on the performance of low pressure turbine stages. Experimental investigations have been performed, for example, by Halstead et al. 16, 11, Qiu et 
Turbulence Models
Two models were used to simulate the effects of turbulence. The first model is a two-layer algebraic turbulence model based on the work of Baldwin and Lomax (BL) /21/. Several modifications were made to the original BL model based on previous experiences with compressor and turbine geometries:
• The switchover location between the inner and outer models cannot move more than a specified number of grid points between adjacent streamwise locations. This eliminates nonphysical gradients in the turbulent viscosity near separation points.
• A second derivative smoothing function is used on the turbulent viscosity field in separated flow regions. This also helps remove non-physical gradients in the turbulent viscosity in separation regions.
• A cutoff value is imposed on the turbulent viscosity (nominallyl200 times the free stream laminar viscosity).
The second model is a two-equation k -ε turbulence model based upon the work of Towne et al. 1221. In the current implementation, the equations for the turbulence kinetic energy and dissipation rate are decoupled from the flow equations and solved using an alternating-direction implicit integration scheme. Since Newton-Raphson subiterations are used at each global time step of the flow solver, decoupling the k -ε equations from the flow solver should not affect the time accuracy of the analysis. The convective fluxes in the turbulence equations were discretized using first-order accurate upwind differences, while the dissipation terms were discretized using second-order accurate central differences. The k -ε subroutines were constructed in a modular manner to allow the use of different low Reynolds number approximations; the Chien low Reynolds number model has been used in the current investigation 1231.
Note, the k -ε equations are solved on both the O-and Η-grids, while the B-L model is solved only on the O-grids. 
Results

Turbine Cascade
The Mach number at the cascade inlet is M\ -0.0897, the inlet flow angle is 35° (measured from the axial direction) and the pressure ratio across the cascade is P-JP t \ = 0.9844. The pitch-to-chord ratio of the cascade is 0.8856. The Reynolds number, based on the inlet velocity and the axial chord of the airfoil, was varied from Re=40,000 to Re= 120,000. dependent on the length scale. This underscores the need for experimental guidance in determining the dissipation length scale. Several wake-passing simulations were performed using a hyperbolic tangent distribution to simulate the wake profile. The wake was moved across the inlet of the cascade using the boundary conditions outlined by Dorney and Verdon 1201. There was one wake specified for two blade passages and the velocity deficit was set at 5% of the average inlet velocity. The Reynolds number was specified to be Re= 120,000 and the flow was assumed to be transitional. Figures 15-22 show instantaneous entropy contours and momentum thickness distributions at 0%, 25%, 50% and 75% of a wake-passing cycle, respectively. The momentum There is a cove separation bubble on the pressure surface of the rotor at both Reynolds numbers, but the extent of the separation is much greater at Re = 40,000. Under the turbulent flow conditions, the efficiency of the stage at Re = 120,000 is approximately 1 point higher that at Re = 40,000 (see Tables 2 and 3 ). Note that due to the low Mach number of the flow small changes in the total temperature and/or total pressure can result in a large change in the efficiency. In the case of the floating transition (see Figs. 33 and 34) , the solution at Re = 40,000 shows significant unsteadiness and flow separation The separated flow regions include: 1) the aft 25% of the vane suction surface, 2) the aft 25% of the rotor suction surface and 3) the first 40% of the rotor pressure surface (cove separation). These large separated flow regions result in a very low stage efficiency (see Table 2 ). At Re = 120,000 the floating transition simulation displays much less unsteadiness. The flow separates on the suction surface of the vane, but quickly reattaches. The time-averaged solution on the rotor suction surface contains only a small separated flow region, although the size of the separation region alternately grows much larger and disappears completely during a blade-passing cycle. Using the floating transition assumptions the efficiency at Re = 120,000 is 10 Tables 2 and 3 ).
In the case of fixed transition, the extent of the flow separation on the suction surface of the vane and blade are substantially reduced at both Reynolds numbers. The cove separation on the pressure surface of the rotor, however, is slightly larger at both Reynolds numbers. In general, there is much less unsteadiness when the transition locations are fixed at their time-averaged positions. The stage efficiency at Re = 120,000 is still 10 points higher than at Re = 40,000, and, surprisingly, at both Reynolds numbers the efficiency is lower when the location of transition is fixed than when it is allowed to float (see Tables 2 and 3) . 
